Abstract-Lunar basalt 15016 (~3.3 Ga) is among the most vesicular (50% by volume) basalts recovered by the Apollo missions. We investigated the possible occurrence of indigenous lunar nitrogen and noble gases trapped in vesicles within basalt 15016, by crushing several cm-sized chips. Matrix/mineral gases were also extracted from crush residues by fusion with a CO 2 laser. No magmatic/primordial component could be identified; all isotope compositions, including those of vesicles, pointed to a cosmogenic origin. We found that vesicles contained~0.2%,~0.02%,~0.002%, and~0.02% of the total amount of cosmogenic 21 Ne, 38 Ar, 83
INTRODUCTION
Noble gases in lunar samples are dominated by solar wind and cosmic ray produced contributions, with minor additions of isotopes produced by natural radioactivity (e.g., 40 Ar produced by the decay of 40 K, or [131] [132] [133] [134] [135] [136] Xe isotopes produced by the fission of 244 Pu and 238 U). While solar contributions in lunar rocks may be used as an archive of the history of solar composition and activity (Wieler 2016) , cosmogenic isotopes are extensively used for samples exposure dating (Eugster [2003] and references therein). This method relies on the determination of the amounts of cosmogenic isotopes that were produced in minerals during exposure of the parent rock to space cosmic rays, mainly high-energy H + particles. Although the possible detection of a cometary signature in lunar anorthosite samples has been recently reported (Bekaert et al. 2017) , the search for an indigenous lunar (i.e., nonsolar, radiogenic, fissiogenic, or cosmogenic) noble gas component has resisted decades of investigation. Nevertheless, the presence of highly vesicular basalts on the Moon testifies to the fact that episodes of gas-rich lunar magma eruption have occurred. Mare basalts, derived from the lunar mantle, thus represent key samples with which to investigate the inventory of volatile elements in the lunar interior. Here, we test the possibility that indigenous noble gases have remained trapped in vesicles of the highly vesicular basalt 15016 since its eruption. Although several possible sources of gases have been suggested for the origin of lunar basalt vesiculation (e.g., radiogenic 40 Ar, N 2 , fluorine compounds, sulfur, solar wind gases, and/ormore reliably-carbon monoxide [Goldberg et al. 1976] ), the gases associated with the basalt 15016 parent magma probably had a composition close to 46% O, 42% C, and 12% H (Barker 1974) , the most plausible cause of vesiculation being related to CO release/exsolution (Sato 1979; Garvin et al. 1982; Colson 1993; Meyer 2009 ). basalt 15016 was formed by very quick cooling, at low pressure, of a basaltic magma originating from a depth of >250 km in the Moon (Meyer 2009) .
In this study, we crushed basalt 15016 under vacuum and analyzed the elemental and isotopic compositions of noble gases and nitrogen contained in the vesicles but find no evidence for a contribution from a magmatic/ indigenous component. Because of its large exposure duration (~300 Ma; F€ uri et al. 2017 ), significant amounts of cosmogenic isotopes are present in basalt 15016 minerals. The absence of a primordial component in basalt 15016 vesicles, as well as the gentle crushing performed in this study to avoid damage to the crystal lattice leading to the release of gases from the matrix/minerals, have allowed us to investigate the occurrence of cosmogenic noble gases in basalt 15016 vesicles. By comparing the cosmogenic nuclide contents (He, Ne, Ar, Kr, and Xe) of the vesicles and minerals (derived from crushing experiments of cmsized samples and laser heating experiments on postcrushing mineral aggregates, respectively), this study brings constraints on the mechanisms of cosmogenic nuclide mobility and loss from minerals and discusses their implications for cosmogenic exposure dating.
SAMPLES AND METHODS
basalt 15016 is a medium-grained basalt composed of subhedral phenocrysts of zoned pyroxene (1-2 mm) and olivine (~1 mm) set in a matrix of subophitic intergrowths of pyroxene and plagioclase (Meyer 2009 ). In the present study, the term "matrix" refers to the mineral assemblage consisting of both the macrocrysts and the basaltic matrix. Spherical vesicles (up to 5 mm large) make about 50% volume of the basalt. By examining 15 thin sections of basalt 15016 (~300 vesicles), we determined-to a first approximation (Eisenhour 1996) -that the vesicles have a mean diameter of 2.2 AE 0.4 (1SD) mm.
Three cm-sized chips (LP, LR, and LS) of basalt 15016 (m LP = 818.9 mg, m LR = 673.4 mg, and m LS = 414.1 mg) were prepared for vacuum crushing experiments (Fig. 1a) . Samples LP and LR (two crushing steps each) were dedicated to Ar, Kr, and Xe isotopic analyses using a Thermofisher© Helix MC Plus mass spectrometer. Sample LS (10 crushing steps in total) was used for He, Ne, Ar, and N 2 isotopes analysis with a Micromass© VG5400 mass spectrometer. Single aliquots of crush residues (a few millimeters in size) of sample LP were handpicked for noble gas and N 2 "bulk" isotopic analysis by static mass spectrometry following CO 2 laser heating extraction (Humbert et al. 2000) (Fig. 1a) .
Crushing of Lunar basalt 15016 Chips
Samples were cleaned in an ultrasonic bath filled with acetone, then weighed and loaded into on-line crushers (Zimmermann and Marty 2014) . The latter consist of modified high-vacuum angle valves (CF16 flanges), in which a rotation system permits manual adjustment of a bellow extension length, which in turns drives a piston up and down on the sample for crushing Fig. 1 . a) Samples and analytical techniques used in this study. # crush. steps: number of crushing steps carried out on the corresponding sample(s), # heating. steps: number of heating steps performed for each crushing residue. b) Schematic drawing of the manually driven crushing system used in this study, adapted from Zimmermann and Marty (2014) . (Fig. 1b) . This system allows the crushing intensity to be precisely controlled, notably in the case of soft crushing, and thus leads to reduced blank contributions because of the absence of the wall grinding typically associated with magnetically driven crushers (Zimmermann and Marty 2014) . Blanks were monitored by activating the piston in static mode without crushing the sample. Daily standards were run for mass discrimination corrections and determination of the sensitivity and reproducibility of the mass spectrometer.
For samples LP and LR, extracted gases were purified first on two Ti-getters, held at 650°C for 5 min and then operated at room temperature for the next 5 min. Xe and Kr were separated from the rest of the purification system by trapping them over 10 min on the surface of a Pyrex finger cooled at liquid nitrogen temperature. Ar isotopic measurements were then carried out on the remaining fraction, using an electron multiplier for [36] [37] [38] Ar and a Faraday cage for 40 Ar. After Ar analysis, the residual Ar in the cold finger was removed by expanding it into the entire extraction line 10 times while keeping the cold finger at liquid nitrogen temperature. During pumping of the line, the glass finger held at liquid nitrogen temperature was isolated from the line to avoid any isotopic fractionation. The glass trap containing Kr and Xe was then heated up and the released gases were exposed once again to two additional hot Ti-getters for final purification. Krypton and xenon isotopes were measured with a Helix MC Plus mass spectrometer by peak jumping on the central dynode electron multiplier AX (CDD).
For each first crushing step, a light mechanical force was applied to the sample by slowly pressing the piston down onto the sample and squeezing it until the first cracks could be heard, thus allowing zones of fragility within the samples to be broken. In this step, most of the gas released was extracted from the vesicles, with little contribution from the matrix. Second crushing steps (samples LP and LR) were carried out by repeatedly crushing the samples until no more cracking was audible. For sample LS, the first crushing steps were likewise gentle but subsequent steps were carried out by applying constant and maximal mechanical squeezing. During these stronger crushing steps, more and more new mineral surfaces were created, thereby increasing the matrix contribution to the gas released, until a coarse powder was obtained.
After crushing, the three powdered samples were recovered for observation. While LS and LR had both been reduced into a fine dust, several mineral aggregates of a few millimeters in size remained in sample 15016 LP (indicative of incomplete crushing). Four subsamples were prepared from these postcrushing aggregates of 15016 LP for bulk measurements by CO 2 laser extraction.
Helium, neon, argon, and nitrogen isotopes were measured in two postcrushing aggregates weighing 2.629 and 5.909 mg, while krypton and xenon isotopes were measured in fragments weighing 2.673 and 4.513 mg.
CO 2 Laser Heating of Lunar basalt 15016 Crush Residues
After cleaning in acetone and weighing, the two LP crush residues selected for He, Ne, Ar, and N 2 isotope analysis were loaded into a laser cell connected to the purification line of the Micromass© VG5400 mass spectrometer. The laser chamber was pumped down to 10 À9 mbar and then heated at 120°C for several days. Gases were extracted from the samples by heating them with a power-modulated CO 2 infrared (k = 10.6 lm) laser (Humbert et al. 2000) . Daily blanks and standards were run before and during analyses for subsequent blank and mass discrimination corrections. After the high-temperature extraction, the formation of a spherule of molten silicate indicated that the melting temperature of the sample had been reached, and that ≥99% of the gas had been extracted (Humbert et al. 2000) . Extracted gases were then split into two calibrated volumes for separate purification and measurement of nitrogen and He-Ne-Ar isotopes, respectively (Hashizume and Marty 2004; Zimmermann et al. 2009; F€ uri et al. 2015) . After purification on Ti sponge getters and two SAES TM Ti-Al getters, Ar was separated from He and Ne using a charcoal finger held at 77 K. Helium ( 3 He measured on an electron multiplier and 4 He measured on a Faraday cage) and Ne (all three isotopes measured on an electron multiplier) were sequentially analyzed. Contributions of 40 Ar ++ and CO 2 ++ to the 20 Ne and 22 Ne peaks, respectively, were minimized by exposing the Ne-He gas fraction to another charcoal finger at 77 K and an SAES TM AP-10 getter in contact with the mass spectrometer volume during measurement. The Ne isotope peaks were corrected for these contributions. In parallel, gases were also extracted from the two other LP crush residues selected for Kr and Xe isotope analysis by following the same procedure of extraction. The purification method used was the same as that described in the Crushing of Lunar basalt 15016 Chips section, except that Ar was not analyzed.
RESULTS

Cosmogenic Isotope Abundances in the Matrix and Vesicles
Data for the abundances and isotopic compositions of He, N 2, Ne, Ar, Kr, and Xe in lunar basalt 15016 are given in Tables S1-S8 (Table 1) , in agreement with lower nominal exposure ages that are systematically obtained for lunar basalts when using 3 He cosmogenic dating (F€ uri et al. 2017) . The proportion of cosmogenic isotopes detected in the vesicles relative to the total abundance of cosmogenic isotopes (i.e., vesicles + matrix) decreases from 21 Ne (~0.2%) to 83 Kr (~0.002%, see the %vesicles given in Table 1 ), thus demonstrating a decrease in cosmogenic isotope loss from the light to the heavy isotopes (Signer et al. 1977) . However, the fraction of cosmogenic 126 Xe detected in vesicles is of the same order of magnitude as that of cosmogenic 38 Ar (i.e.,~0.02%) with slightly larger 126 Xe/ 38 Ar ratios in the vesicles than in the matrix (Table 1) .
Helium and Nitrogen Isotopic Analyses of Lunar basalt 15016
Almost no He was extracted during the crushing experiments, so no 3 He was detected. During the laser heating experiments, small but detectable amounts of He were extracted, with helium isotope ratios ranging from (4.33 AE 0.84) 9 10 À4 to (1.90 AE 0.37) 9 10 À3 (2r), indicating a cosmogenic contribution (see Table S1 ). No N was detected from crushing sample LS, but large excesses of cosmogenic 15 N were measured during laser extractions (Table S2) 
Neon and Argon Isotopic Analyses of Lunar basalt 15016
For the 10 crushing steps of sample LS, the Ne isotopes tend to fall roughly between the noncosmogenic (Air/Q/Solar Wind) and the cosmogenic endmembers (green circles in Fig. 2 ; Table S3 ). The yellow star in Fig. 2a , which indicates the errorweighted mean isotopic composition of the whole crushing series, does not fall on the mixing line between the atmosphere and the theoretical galactic cosmic rays endmember (GCR, calculated using the 2p exposure model from Leya et al. [2001] for low shielding [0-20 g cm À2 ] and the basalt 15016 chemical composition summarized by Meyer [2009] ). The cosmogenic endmember falls within the range of values expected for the solar cosmic rays (SCRs) component, computed using the models of Reedy (1992) and Trappitsch and Leya (2014) for a rigidity R 0 = 100 MV and an incident particle flux J of 100 protons cm À2 . Contrary to Ne, the error-weighted mean isotopic composition of the whole Ar crushing series (yellow star, Fig. 2b ) falls exactly on the mixing line between the atmospheric and the GCR components. The SCR component for Ar isotopes, derived from the model of Trappitsch and Leya (2014) using the same assumptions as Ne, is shown in Fig. 2b . Because of the high variability in calculated Ar production rates (mostly dependent on the sample's depth relative to its surface), no clear contribution from SCR-derived Ar isotopes can be derived.
For both Ne and Ar, about 50% of the total amount of gases extracted over the 10 crushing steps of sample LS were released during the first crushing step (Fig. 2c) . Likewise, Ar isotopes measured from crushing of samples LP and LR (diamond and hexagon symbols in Fig. 2b , respectively) show that 75% (LP) and 93% (LR) of the 36 Ar was released during the first, gentle, step (Fig. 3d) Ar ratios relative to atmosphere (Fig. 2b) Ar ratios, likely pointing to contributions from a cosmogenic and radiogenic component, respectively. Ne and Ar released during high temperature CO 2 laser heating steps are dominated by the GCR component (Figs. 2a and 2b ). For Ar, the CO 2 laser heating points plot beyond the expected area for atmospheric, SW/Q, and cosmogenic contributions, likely indicating that a radiogenic component is also contributing (Fig. 2b) . For the first fragment (2.63 mg, three extraction steps, red squares in Calculated exposure ages are based on sample chemical composition (Meyer 2009 ) and production rates given by Reedy (1981) 325 Ma [1] 378 Ma [1] 422 Ma [1] 361 Ar were extracted during the melting step. Ne and Ar from the vesicles were successfully extracted during gentle crushing steps; however, no indigenous magmatic component could be clearly identified as all isotope compositions point to a cosmogenic origin. The latter might be related to cosmogenic loss effects, as has been demonstrated to occur in lunar samples for 21 Ne and (to a lesser extent) 38 Ar (Frick et al. 1975a (Frick et al. , 1975b Eberhardt et al. 1976; Signer et al. 1977) . In this case, the cosmogenic isotopes escaping the minerals might have been stored in the vesicles before being released by crushing. Cosmogenic losses, which have not previously been demonstrated to occur in a measurable way for the heavy noble gases, should thus be negligible for Kr and Xe isotopes, making the potential detection of indigenous magmatic gases more likely.
Krypton and Xenon Isotopic Analyses of Lunar basalt 15016
The Kr isotope ratios measured during crushing experiments of samples LP and LR are distinct from those of the terrestrial atmosphere, in agreement with two-component mixing between the atmosphere and the GCR endmember (Fig. 3a) . As observed in the Ne and Ar data, the Kr laser extraction yielded a composition that is closer to the cosmogenic component, with the 83 Kr-based proportions of the cosmogenic endmember Tables S3 and S4 . Numbers correspond to the heating steps given in Table S3 estimated to be~3% for the crush extraction and~20% for the laser heating extraction (Table 1) .
For Xe measured during the crushing experiments, the isotopic ratios [124] [125] [126] Xe/ 132 Xe (the two Xe isotopes most sensitive to cosmogenic contribution because of their low initial concentrations and high production rates) are exceptionally high, up to 57 times the atmospheric ratio for the 126 Xe/ 132 Xe ratio of sample LR (Figs. 3b and 3c ). The isotopic spectra measured for samples LP and LR are in excellent agreement with two-component mixing between the terrestrial atmosphere (or SW/Q) and the pure cosmogenic endmember. The mixing proportions are 88% ATM-12% GCR and 85% ATM-15% GCR for LP and LR, respectively (vertical bands, Fig. 3b ), assuming mixing between terrestrial atmospheric gases and the cosmogenic endmember for lunar samples with associated errors, given by Pepin et al. (1995) . Note that Fig. 3 . Heavy noble gas abundances and isotopic ratios measured in basalt 15016. a) Three-isotope diagram of Kr for crushing experiments on LP (diamonds) and LR (hexagons) samples, and for laser extractions (arrow). The laser data plot exactly on the ATM-Cosmo mixing line, with a contribution of the pure cosmogenic endmember estimated at 20% (Table 1) . b) Isotopic spectra of Xe released during the first crushing step on LP (diamonds) and LR (hexagons) samples, and by laser extraction (black and white stars). Isotopic ratios are normalized to the isotopic composition of atmospheric Xe (Ozima and Podosek 2002) and displayed in log units. Errors bars (2r) are within the symbols. Vertical bars are the range of theoretical isotopic ratios expected for the given ATM-GCR two endmember mixing models. c) Three-isotope diagram of Xe released during crushing of LP (diamonds) and LR (hexagons) samples and by laser extraction (black and white stars). ATM = terrestrial atmosphere (Ozima and Podosek 2002) . COSMO = average lunar bulk soils from Pepin et al. (1995) . Error bars are 2r. d) Fraction of 36 Ar, 84 Kr, and 132 Xe released during the LP and LR crushing experiments (in % relative to the total amount of gas released during the two crushing steps). The first crushing step is shown in the darker color. Values are given in (Tables S4, S6 , S7, and S8. (Color figure can be viewed at wileyonlinelibrary.com.) the 134-136 Xe/ 132 Xe ratios normalized to terrestrial atmosphere are lower than unity because of a normalization effect, the cosmogenic production rate being higher for the normalizing isotope 132 Xe than for [134] [135] [136] Xe (Hohenberg et al. 1978) . Xenon released upon laser heating also has a large contribution from the GCR component (Figs. 3b and 3c) . Similar to the case of the light noble gases, 74% and 71% of the total 84 Kr and 77% and 81% of the total 132 Xe released upon crushing of samples LP and LR, respectively, were released during the first (light) crushing step (Fig. 3d) . Note that gases detected here in vesicles represent only 0.01% to 0.05% of the total amount of 36 Ar, 84 Kr, and 132 Xe present in the samples, respectively (Fig. 3d) . As reported in Table 1 , the proportion of cosmogenic 36 Ar, 83 Kr, and 126 Xe detected in the vesicles relative to the total abundance of cosmogenic isotopes (i.e., vesicles + matrix) is~0.02%,~0.002%, and~0.02%, respectively.
While a greater contribution from the GCR component is observed for He, Ne, Ar, and Kr laser extractions relative to the crushing data, the Xe contribution from the atmospheric endmember is still very high during laser heating. This may be related to the fact that new active surfaces were created during the initial crushing of sample LP, so that enhanced abnormal adsorption occurred when the sample was subsequently exposed to atmosphere (Garrison et al. 1987; Hohenberg et al. 2002) before the laser heating experiment. The high precision of our Xe data from laser extractions allowed us to calculate the pure cosmogenic component in our sample by assuming an addition of terrestrial atmosphere or SW-Xe. By comparing the calculated cosmogenic endmember with the average lunar bulk soil cosmogenic component (Pepin et al. 1995) , contributions from terrestrial atmosphere and/or SW-Xe might be tentatively distinguished. Our determination of the pure cosmogenic component is in excellent agreement with that of Pepin et al. (1995) , but a contribution from either solar or terrestrial Xe cannot be discriminated (Fig. 4) .
DISCUSSION SCR-and GCR-Induced Spallation Reactions
The lunar surface lacks atmospheric and magnetic shields against irradiation by SW and cosmic ray particles. While SW-derived gases are only implanted into the top few tens of nanometers of the rock (e.g., Wieler 1998), cosmic ray-induced spallation reactions triggered by SCRs and GCRs can penetrate lunar soils to depths of a few centimeters and meters, respectively. The rates of Ne isotope production by SCRs at the uppermost rock surface are significantly higher than those by GCRs (e.g., by a factor~10 for 20 Ne; Reedy 1992; Trappitsch and Leya 2014) . Consequently, any contribution of SCR-derived neon is expected to result in a noticeable shift in the isotopic signature of the cosmogenic Ne component, as observed here in the LS sample crushing data (Fig. 2a) . However, there is no simple explanation as to why SCR and GCR cosmogenic components appear to be separated between two distinct phases in the sample, i.e., vesicles and matrix. Isotopic fractionation during recoil (or diffusion into vesicles) is unlikely the key mechanism since this would favor the light isotopes and would lead to high 21 Ne/ 22 Ne ratios in the vesicles, which is not observed. An alternative option would be to have preferential production of SCR-derived isotopes at the outermost parts of minerals, where processes affecting mobility toward vesicles could have occurred. However, while this might be a viable hypothesis for a lunar regolith, with individual grains possibly having a higher proportion of SCR than GCR cosmogenic isotopes at the very surface of the grain, this process cannot apply to lunar basalts. Another possibility might be that the sample contains a sizeable amount of sodium, which produces GCR-Ne with a 21 Ne/ 22 Ne on the order of 0.6. This sodium may be locked into Na-rich minerals that have particularly high cosmogenic Ne mobility or, more likely, may be inherited from the inferred large Na loss that occurred during vesiculation of the sample (Brown et al. 1972; Meyer 2009 ). The trend toward the mixing line between the noncosmogenic and the pure cosmogenic endmembers would result from a decreasing contribution of SCR-derived isotopes during crushing. The atmospheric contribution that was detected could be related to an underestimation of the blank contribution as crushing proceeded. This could have occurred if microleaks were created in the modified valve (crusher) after strong crushing sequences or if frictions of the rock material on the metal surfaces of the crushing system (notably the plate placed at the bottom of the crusher) caused some atmospheric noble gas to be released (Fig. 1b) . However, this effect should also be detected in Ar measurements, which is not the case. An alternative explanation is that some chondritic or solar gases are present in these lunar basalt samples.
Cosmogenic Isotope Loss and Surface Exposure Dating
Cosmogenic isotope analysis and exposure dating involves the measurement of cosmogenic nuclides whose accumulation directly depends on three factors: the depth of production, the time elapsed since the surface exposure event, and the concentrations of target elements for cosmogenic production. Postcrystallization exposure dating assumes that all cosmogenic isotopes produced 126 Xe ratios of the pure cosmogenic endmember were derived both from calculations involving ATM (TsATM) or SW (TsATM) and are compared to the average lunar bulk soil cosmogenic component of Pepin et al. (1995) . (Color figure can be viewed at wileyonlinelibrary.com.) over a sample's exposure duration (~300 Ma for basalt 15016; F€ uri et al. 2017 ) are preserved and accumulated within the host minerals/rock. One potential problem is the loss of cosmogenic isotopes, which tends to increase with decreasing grain size (at least for mineral grains) and decreasing isotope mass (as evidenced for 3 He, 21 Ne, and 38 Ar) (Signer et al. 1977) . Our results confirm that such loss does indeed occur, the predominant release of cosmogenic gases during the first gentle extraction step indicating that their initial location was in the vesicles. If the extracted gases were initially intracrystalline, the amount of gas extracted should have increased with increasing crushing intensity; however, we did not observe it here. The gas measured during the crush experiments must therefore have originally been located in the vesicles, with limited contribution from the matrix.
These results suggest that loss of cosmogenic isotopes occurred for all noble gases, including Xe, during residence time at the lunar surface. The fact that exposure ages derived from 3 He, 21 Ne, 38 Ar, and 126 Xe isotope concentrations in the matrix are essentially the same (~350 Ma) indicates that limited cosmogenic loss occurred for all isotopes-a conclusion that is in agreement with the fact that vesicles contain only~0.2% of the total amount of cosmogenic 21 Ne produced over the basalt's exposure. In a first step, as a result of recoil effects, cosmogenic isotopes would have migrated to lowenergy retention sites during production. The release of cosmogenic isotopes from the vesicles to outer space through microleaks would then have taken place over time, with kinetic fractionation favoring the escape of the light elements over the heavy ones and, thus, the preferential retention of xenon relative to other noble gases. Higher concentrations of target elements in the walls of vesicles hosted by accessory minerals (opaque minerals-ilmenite and ulv€ ospinel-as described by Meyer 2009) could have enhanced the trapping of cosmogenic isotopes in the vesicles. Also, note that spallation produces crystal damage over long exposure histories, which will enhance the mobility of cosmogenic isotopes within minerals (Trull et al. 1991) .
In the following discussion we investigate diffusion, fracture-related extraction mechanisms, and recoil processes as potential sources of cosmogenic signatures within basalt 15016 vesicles. In particular, the detection of Xe cosmogenic isotopes outside their host minerals (here in the vesicles of the lunar basalt 15016) may indeed require specific production and mobility processes.
Cosmogenic Isotope Loss by Diffusion
Diffusion data are usually interpreted by using the Arrhenius equation (Brady and Cherniak 2010) , for which the diffusion coefficient is given by:
), where D 0 is the maximal diffusion coefficient (at infinite temperature; m 2 s À1 ), E a is the activation energy for diffusion (J atom À1 ), T is the absolute temperature (K), and k is the Boltzmann constant. The activation energy (i.e., the minimum energy required to initiate diffusion) increases with the noble gas radius (from He to Xe). Higher diffusivities are thus associated with lighter noble gases (Jackson et al. 2016) . According to Cherniak and Watson (2012) , even if He is mobile at 1100°C in olivine (of the order of 1 cm yr À1 ), it will be nearly immobile at terrestrial surface temperatures. Helium diffusion distances would be smaller than 10 nm at 20°C over the age of the Earth. The duration of illumination by the Sun of a particular location on the surface of the Moon lasts about 14.8 days, followed by 14.8 days of darkness (the lunar synodic period being 29.53 days). While the temperature on the dark side can fall to À170°C, the temperature at the lunar surface can reach 115°C when exposed to sunlight (Malla and Brown 2015) . This contrast would imply that the sample spent half of its exposure duration (~150 Myr) heated under vacuum at 120°C. According to Cherniak and Watson (2012) , the He diffusion distance in olivine is expected to bẽ 1 lm at 100°C and over 150 Myr. Even if the diffusion of cosmogenic He in silicate glasses and minerals is several orders of magnitude higher than for inherited He (Trull 1989 ), a 5 mm radius olivine would lose <0.1% of its cosmogenic He in 10 14 yr at 20°C. Temperatures of 50°C would require nearly 10 12 yr for an equivalent loss of cosmogenic He (Cherniak and Watson 2012) . According to Cherniak et al. (2014) , 100 lm radius olivine grains would experience less than 1% Ne loss over durations of the order of the age of the Earth at 150°C. Melcher et al. (1982) determined an upper limit of 3 9 10 À16 cm 2 s À1 for the Xe diffusion coefficient in forsterite at 1400°C, decreasing at around 5 9 10 À19 cm 2 s À1 at 900°C (assuming a plausible activation energy of 50 kcal mole À1 ). Even at 120°C, insufficient Xe and lighter noble gases would diffuse through minerals to account for the cosmogenic loss effects detected here. Yokochi et al. (2005) demonstrated that up to 25% of the matrix-sited helium could be extracted by prolonged crushing of terrestrial olivine. However, their crushing system and procedure (an extensive series of 100 strokes min À1 ) are not comparable with our method, and only prolonged crushing series were able to remove matrix-sited isotopes in their experiments. Blard et al. (2008) pointed out that temperatureenhanced (T > 300°C) volume diffusion could play a major role in controlling the release of cosmogenic He during crushing. In the present work, the first crushing steps were manually controlled to be gentle and thus caused no increase in temperature. Nevertheless, most of the gas extracted over the crushing series was released during this step. A smaller amount of gas was released during the subsequent and stronger crushing steps, in which the rate of fracture-related extraction should increase. Fracture-related and/or diffusive extraction mechanisms are therefore unlikely to be the source of the cosmogenic signatures measured during the present crushing experiments.
Cosmogenic Isotope Loss by Recoil Effects
Recoil processes may be the key mechanism by which cosmogenic isotopes are transferred from the matrix into the vesicles. When a high-energy particle induces a nuclear reaction, the nuclide produced has a specific energy due to momentum conservation, termed the recoil energy. To dissipate this energy, the cosmogenic nuclide travels a short distance within the target grain until it stops completely. Through this process, some of the cosmogenic nuclides might be lost from the host grain, before diffusing in intergrain regions and finally into vesicles. Recoil loss effects were studied in detail in the context of cosmogenic dating of small extraterrestrial samples (e.g., micrometeorites and interplanetary dust particles [Trappitsch and Leya 2013] , lm-sized presolar silicon carbide grains [Ott et al. 2009 ]), for which recoil loss can dramatically affect the retention rate of spallation-produced isotopes. While recoil distances for He range from~20 lm (Heck et al. 2009 ) up to 100 lm, the recoil distances for 21 Ne and 126 Xe are much smaller, in the range of~2.5 lm (Ott and Begemann 2000; Ott et al. 2009; Trappitsch and Leya 2013) and 0.2-0.5 lm (Ott and Begemann 2000; Ott et al. 2005) , respectively. Such ranges of values have been compiled from analyses of SiC grain-size fractions of spallation isotopes produced by irradiation with 1.6 GeV protons (Ott et al. 2009 ), physical models based on nuclear reactions codes (Trappitsch and Leya 2013) , and irradiation experiments of Ba glass targets with about 1190 and 268 MeV protons (Ott et al. 2005) . Because the recoil range of spallation for Xe is shorter than that of lighter noble gases, Xe has been suggested to be the best tool for dating presolar silicon carbide. In extreme contrast, recoil loss of cosmogenic 3 He is significant even for grains of a hundred microns in size (Trappitsch and Leya 2013) .
We propose a semiquantitative estimate of what should be expected in vesicles in terms of cosmogenic 21 Ne and 126 Xe by recoil loss (details of this calculation are given in the supporting information). We considered a volume of basalt 15016 of 1000 cm 3 , in which 50% of the volume is made up of vesicles, and the other 50% minerals with a homogeneous chemistry and a mean diameter of 1 mm (as given by Meyer 2009 Xe. However, only a fraction of the cosmogenic isotopes produced within these volumes will actually escape from the minerals. This is due to the fact that the recoil process can occur in any direction within the mineral. Based on geometric considerations (see supporting information for further details), we predict that~18% of the cosmogenic isotopes produced within the volume of minerals in which cosmogenic isotope loss by recoil occurs will indeed escape from the minerals. Taking these data together, we conclude that 0.272% and 0.022% of the total cosmogenic 21 Ne and 126 Xe, respectively, would escape from the host minerals by recoil-values which are in excellent agreement with the fraction of cosmogenic 21 Ne (0.2%) and 126 Xe (0.02%) detected here in the basalt 15016 vesicles. The same calculation can be made for grain sizes ranging from 0.1 mm to 1 mm in radius. We find that, although the fraction of 21 Ne lost to the vesicles becomes significant (≥1%) for mean grain radii <0.2 mm, 126 Xe loss is still <0.2% for a mean grain radius of 0.1 mm (Fig. S1 in supporting information) . Thus, contrary to the light noble gases, heavy noble gas cosmogenic isotope loss by recoil would still be negligible for fine-grained rocks. This simple model we propose does not explain the observed off-the-trend behavior of Xe, which shows enhanced proportion of cosmogenic 126 Xe in vesicles relative to the lighter noble gas elements. However, it supports the recoil process as a plausible mechanism for cosmogenic isotope loss from minerals and storage in vesicles, with little loss to space by diffusion.
The estimated rates for cosmogenic isotope loss, as suggested here, suffer from several caveats that are difficult to address accurately due to the large uncertainties regarding the processes controlling the mobility of cosmogenic nuclides within minerals. For instance, it is assumed that an atom recoiled into a vesicle will remain there until it is either lost to space through diffusion, or released by crushing. However, since vesicles are essentially vacuums, energy loss within them is expected to be very limited and atoms recoiled into a vesicle would potentially have enough energy to get reimplanted into the other side of vesicles. This process would preferentially occur for the light elements (He, Ne), entering vesicles with greater energies than the heavy elements, which would be arrested to a greater degree within minerals during recoil. Limited reimplantation of Xe cosmogenic nuclides entering intergrain joints and/or vesicles may account for the enhanced proportion of cosmogenic 126 Xe in the vesicles relative to lighter noble gases. Physical models of cosmogenic production with recoil effects based on nuclear reaction codes (Trappitsch and Leya 2013) , as well as experimental investigations of cosmogenic nuclide production by irradiation experiments of glass targets with protons (Ott et al. 2005) appear to be promising avenues of investigation to further constrain the mechanisms occurring during cosmogenic nuclide production and mobility.
CONCLUSIONS
Noble gas and nitrogen isotopes in lunar basalt 15016 were released from vesicles by under-vacuum crushing and from the matrix by heating millimeter-sized crush residues with a CO 2 laser. Both sets of data are consistent with a mixture of atmospheric (or SW/Q) and cosmogenic (including SCR-derived isotopes) components. No indigenous magmatic lunar component could be clearly identified. The detection of cosmogenic isotopes in the vesicles of basalt 15016 indicates the occurrence of specific production and/or mobility processes. Cosmogenic isotope loss from minerals by recoil effects, and subsequent diffusion from vesicles to outer space, is a potential source for cosmogenic isotope loss to space over the duration of exposure. By assuming that no loss to space occurred, i.e., that all of the cosmogenic isotopes that escaped from the minerals were retained in the vesicles of basalt 15016, we conclude that 0.2%,~0.02%,~0.002%, and~0.02% of the amount of cosmogenic 21 Ne, 38 Ar, 83 Kr, and 126 Xe, respectively, escaped from minerals. This indicates that cosmogenic losses over exposure durations on the order of hundreds of millions of years would not significantly affect the calculated exposure ages for basaltic rocks. Interestingly, cosmogenic loss, known to be significant for 3 He and 21 Ne and to a lesser extent for 36 Ar (Signer et al. 1977) , also occurs for the heaviest noble gases, including Xe. Based on a simple model of basalt 15016 cosmogenic loss by recoil, we conclude that this process alone could account for the presence of the cosmogenic isotopes that we detected in vesicles. Although light noble gas cosmogenic isotope loss by recoil would be significant in fine-grained rocks, cosmogenic loss by recoil would remain negligible for the heavy noble gases. In this study, the enhanced proportion of cosmogenic 126 Xe in vesicles relative to lighter elements may be related to kinetic fractionation processes. In this case, higher rates of escape from the vesicles to space for the lighter elements would account for the preferential retention of Xe isotopes within the intergrain joints and vesicles.
